Background-Biomarkers for predicting cardiovascular events in community-based populations have not consistently added information to standard risk factors. A limitation of many previously studied biomarkers is their lack of cardiovascular specificity. Methods and Results-To determine the prognostic value of 3 novel biomarkers induced by cardiovascular stress, we measured soluble ST2, growth differentiation factor-15, and high-sensitivity troponin I in 3428 participants (mean age, 59 years; 53% women) in the Framingham Heart Study. We performed multivariable-adjusted proportional hazards models to assess the individual and combined ability of the biomarkers to predict adverse outcomes. We also constructed a "multimarker" score composed of the 3 biomarkers in addition to B-type natriuretic peptide and high-sensitivity C-reactive protein. During a mean follow-up of 11.3 years, there were 488 deaths, 336 major cardiovascular events, 162 heart failure events, and 142 coronary events. In multivariable-adjusted models, the 3 new biomarkers were associated with each end point (PϽ0.001) except coronary events. Individuals with multimarker scores in the highest quartile had a 3-fold risk of death (adjusted hazard ratio, 3.2; 95% confidence interval, 2.2-4.7; PϽ0.001), 6-fold risk of heart failure (6.2; 95% confidence interval, 2.6 -14.8; PϽ0.001), and 2-fold risk of cardiovascular events (1.9; 95% confidence interval, 1.3-2.7; Pϭ0.001). Addition of the multimarker score to clinical variables led to significant increases in the c statistic (Pϭ0.005 or lower) and net reclassification improvement (Pϭ0.001 or lower). Conclusion-Multiple biomarkers of cardiovascular stress are detectable in ambulatory individuals and add prognostic value to standard risk factors for predicting death, overall cardiovascular events, and heart failure. (Circulation. 2012;126:1596-1604.)
in general populations, is secreted by the liver and may reflect inflammation from a variety of causes. In recent years, several newer biomarkers have emerged, including soluble ST2 (sST2), growth differentiation factor-15 (GDF-15), and the highsensitivity troponins. Each is expressed or released by cardiovascular tissue in response to mechanical or pathological stress. [7] [8] [9] [10] [11] [12] Studies have highlighted the prognostic utility of these biomarkers in individuals with acute coronary syndromes and heart failure. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Recent data suggest that these biomarkers also could be prognostically informative in ambulatory individuals. [23] [24] [25] [26] However, sST2 has not been studied in a communitybased cohort, the biomarkers have not been examined in combination, and there is limited information on their association with specific outcomes such as heart failure.
We therefore examined the individual and collective utility of sST2, GDF-15, and high-sensitivity troponin I (hsTnI) for predicting cardiovascular outcomes in the community. We postulated that a panel of these biomarkers would be capable of identifying individuals in the preclinical setting with an elevated risk of future cardiovascular disease and add to existing risk-prediction algorithms.
Methods

Study Sample
In 1971, 5124 individuals were enrolled in the prospective cohort called the Framingham Offspring Study. 27 The sixth examination, which occurred between 1995 and 1998, was used for the present analysis. Of the 3532 attendees, we excluded those with serum creatinine Ͼ2.0 mg/dL (nϭ21) or missing biomarker or follow-up data (nϭ83). After these exclusions, 3428 individuals (97% of attendees) remained eligible for the present investigation. The protocol was approved by the Boston University Medical Center Institutional Review Board, and all participants provided written informed consent.
Participants underwent a standardized evaluation that included a medical history and physician-administered physical examination. Diabetes mellitus was defined by a fasting glucose Ն126 mg/dL or the use of insulin or other hypoglycemic medication. Participants were considered current cigarette smokers if they reported having smoked cigarettes regularly during the year preceding the examination.
Biomarker Measurements
Blood biomarkers were measured for all participants in morning samples collected after an overnight fast. Participants were supine for Ϸ5 to 10 minutes before phlebotomy. Blood samples were immediately centrifuged, and plasma and serum were stored at Ϫ70°C. The samples did not undergo any freeze-thaw cycles before the performance of the assays below.
The concentration of sST2 was determined with a high-sensitivity, second-generation ELISA with a detection limit of 2 ng/mL (Presage ST2, Critical Diagnostics). 28 sST2 values Ͼ35 ng/mL have been linked to adverse outcomes in the setting of overt heart failure. 18, 22 hsTnI was quantified with an ultrasensitive immunoassay for cardiac troponin I that uses a novel, single-molecule-counting technology (Erenna hsTnI, Singulex). 29 The limit of detection is 0.2 pg/mL with an assay range of 0.5 to 70 pg/mL. The 99th percentile value for this assay has not been well established, but in small studies of normal subjects, it ranges from Ϸ7 to 10 pg/mL. 29 -31 hsCRP and B-type natriuretic peptide (BNP) were measured as previously described. 2 GDF-15 levels were measured with a precommercial, automated electrochemiluminescent immunoassay on a Cobas E411 analyzer (Roche Diagnostics). The assay has a limit of detection Ͻ10 ng/L, a linear measuring range up to 20 000 ng/L, and an interassay imprecision of 2.3% and 1.8% at GDF-15 concentrations of 1100 and 17 200 ng/L, respectively (Roche Diagnostics; data on file). GDF-15 values obtained with the electrochemiluminescent assay correlate closely with the values measured with our previously described immunoradiometric assay 32 (rϭ0.980; slope, 1.049; intercept, Ϫ136 ng/L; nϭ45 samples with GDF-15 concentrations ranging from 567-13 334 ng/L). With the use of the immunoradiometric assay, 1200 ng/L was previously proposed as the upper limit of the reference interval in apparently healthy elderly individuals. 32 
Outcomes
During follow-up, all suspected cardiovascular events were reviewed by a committee of 3 experienced investigators using hospital records, physician office notes, and pathology reports. The definition of a major cardiovascular event in Framingham has been detailed previously 2 and comprises recognized myocardial infarction, coronary insufficiency (prolonged angina with documented ECG changes), coronary heart disease death, heart failure, and stroke. Major coronary events were defined as recognized myocardial infarction, coronary insufficiency, and coronary heart disease death. As in prior studies, 2, 33 we classified events that were based on history only (eg, symptoms of intermittent claudication or transient ischemic attack, or typical chest pain without ECG evidence of ischemia or injury) as nonmajor and did not include them in the primary end point or multivariable regression models.
Statistical Analyses
Before inferential analyses, biomarker values were natural log transformed because of highly skewed distributions. We estimated partial correlations among biomarkers accounting for sex and age. We examined the association between the biomarkers and the risk of all-cause mortality, heart failure, first major cardiovascular events, and first major coronary events using multivariable proportional hazards (Cox) models. 34 Log-transformed biomarker distributions were standardized to a mean of 0 and standard deviation of 1 to facilitate comparison of effect sizes between biomarkers. The proportionality assumption was verified by testing the interaction of the biomarkers with follow-up time. Participants with prior heart failure, major cardiovascular events, or coronary heart disease were excluded from analyses of those end points.
We first assessed the biomarkers individually in models containing the following standard cardiovascular risk factors: age, sex, systolic blood pressure, use of antihypertensive therapy, total cholesterol, highdensity lipoprotein cholesterol, regular cigarette smoking, body mass index, and presence of diabetes mellitus. For analyses of incident heart failure, in accordance with prior studies, we also included ECG left ventricular hypertrophy, prevalent atrial fibrillation, prevalent major cardiovascular disease, and presence of a murmur (grade 3 of 6 or greater systolic murmur or grade 1 of 4 or greater diastolic murmur). 35 Covariates for analyses of all-cause death were the same as for heart failure except heart murmur. Sex-pooled analyses were performed after confirming that multiplicative interaction terms for biomarker and sex were statistically nonsignificant for all end points. We then performed analyses incorporating all biomarkers together and added hsCRP and BNP, given their presence in prior "multimarker" panels for predicting cardiovascular risk. 2 The identification of the most strongly associated biomarkers for each end point was confirmed by use of a backwardelimination model with the clinical covariates forced into the model and with a retention value of Pϭ0.05. Although the urinary albumin excretion ratio (in milligrams per gram) also predicts heart failure in Framingham, 36 urine was not available for the full sample, and the association was nonsignificant after inclusion of the newer biomarkers. Thus, we restricted the analyses to plasma markers.
The joint predictive utility of the 5 biomarkers (sST2, GDF-15, hsTnI, hsCRP, and BNP) was evaluated by constructing a "multimarker" risk score. This score was defined as follows:
where ␤ 1 , ␤ 2 , and ␤ 3 denote proportional hazards regression coefficients for biomarkers A, B, and C, respectively, from a multivariable model for the outcome of interest. Participants were categorized according to sex-specific quartiles of this multimarker score.
We compared clinical and multimarker score models with the "best-fit" clinical models based on models containing the conventional risk factors applied to the present study sample. We assessed performance using current methods. 37, 38 First, we evaluated model discrimination by calculating c statistics for models including "base" clinical predictors listed with and without biomarkers. 39 We then calculated the integrated discrimination improvement, a measure of the ability of the model to improve average sensitivity without reducing average specificity. 40 Last, we evaluated the ability of biomarkers to reclassify risk by examining the proportion of individuals reclassified correctly using the biomarkers with the net reclassification improvement (NRI) metric. 40 We estimated both the "category-free" NRI and conventional NRI. 41 The category-free NRI is useful for end points such as death and heart failure for which established risk categories do not exist. It was calculated with 0%, 1%, and 2% used as thresholds for minimum change in predicted risk required to indicate a change in classification. The corresponding indexes are denoted as NRI(Ͼ0) (the statistic suggested by Pencina and colleagues 41 ), NRI(Ͼ0.01), and NRI(Ͼ0.02). For the conventional NRI, we defined low, intermediate, and high risk as 10-year predicted risks of 0% to Ͻ10%, 10% to Ͻ20%, and Ն20% for first major cardiovascular events, coronary events, and death. 42 For heart failure, we used categories that have been used previously in this cohort: 0% to Ͻ3%, 3% to Ͻ8%, and Ն8%. 36 We also calculated the conventional NRI restricted to individuals in the intermediate-risk group, which has been referred to as the "clinical NRI." 43 In additional analyses, we assessed whether the association of biomarkers with outcomes differed by sex (using multiplicative interaction terms), and we repeated the Cox proportional hazards models adjusting for prior nonmajor cardiovascular events or restricting to individuals without prior major or nonmajor cardiovascular events. We repeated the analyses excluding all individuals with diabetes mellitus. Furthermore, we reanalyzed death and heart failure including a timedependent covariate for interim myocardial infarction or heart failure (in death analyses). All analyses were performed with SAS software, version 9.1.3 (SAS Institute, Inc, Cary, NC). A 2-sided value of PϽ0.05 was considered statistically significant.
Results
Characteristics of the study sample are shown in Table 1 . The mean age of the study sample was 59 years, and 53% of participants were women. Circulating sST2, GDF-15, and hsTnI concentrations were detectable in 100%, 100%, and 81% of participants, respectively. Characteristics of the sample by biomarker quartiles are detailed in Table I in the online-only Data Supplement.
Age-and sex-adjusted correlations between sST2 and GDF-15 (rϭ0.22, PϽ0.001), GDF-15 and hsTnI (rϭ0.13, PϽ0.001), and sST2 and hsTnI (rϭ0.09, PϽ0.001) were low in magnitude. Similarly, correlations of BNP and hsCRP with the 3 biomarkers were modest (all rϽ0.4).
Prediction of Death and Cardiovascular Events With New Biomarkers
During a mean follow-up of 11.3 years, 488 individuals (14%) died, 162 (5%) experienced a first heart failure event, 336 (10%) experienced a first major cardiovascular event, and 142 (5%) had a first major coronary event. Associations of sST2, GDF-15, and hsTnI with death, heart failure, major cardiovascular events, and coronary events are shown in Table 2 (for continuous values of each biomarker) and Table II in the online-only Data Supplement (for quartile results). In models adjusted for age, sex, body mass index, and conventional cardiovascular risk factors, the biomarkers were strongly associated with death, heart failure, and major cardiovascular events (PϽ0.001 for each biomarker-end point combination) but not with coronary heart disease events. Table 2 also contains results from models incorporating all 3 novel biomarkers in addition to BNP and hsCRP. In models for death, heart failure, and major cardiovascular events, 4 of the 5 biomarkers remained significant: death (sST2, GDF-15, BNP, hsCRP), heart failure (sST2, GDF-15, hsTnI, BNP), and first major cardiovascular events (sST2, GDF-15, hsTnI, BNP). These findings were confirmed by the use of backwardelimination models for each end point. For death, the magnitude of association with GDF-15 was particularly high (multivariable-adjusted hazards ratio per SD increment, 1.52; PϽ0.001) compared with the other biomarkers. For heart failure, hazards ratios for sST2, GDF-15, and hsTnI were comparable to those seen with BNP (hazards ratios per SD, between 1.20 and 1.29).
Multimarker Score
We constructed a "multimarker score" with sST2, GDF-15, hsTnI, BNP, and hsCRP for each end point except coronary heart disease events (for which the biomarkers were not significant predictors). The cumulative risks of events according to quartiles of the multimarker score are shown in the Figure for death, heart failure, and major cardiovascular events.
The incremental predictive values of the score on top of clinical risk factors are shown in Table 3 . Individuals with multimarker scores in the highest quartile had an Ϸ3-fold risk of death, 6-fold risk of heart failure, and 2-fold risk of major cardiovascular events compared with individuals in the lowest quartile. Results were unchanged when the models were restricted to individuals without diabetes mellitus or ECG left The addition of the multimarker score led to an improvement in discrimination for all 3 end points, as evidenced by significant increases in the c statistic (Pϭ0.005 to PϽ0.001) and integrated discrimination improvement (all PϽ0.001). The multimarker score was also superior to a model containing clinical risk factors, hsCRP, and BNP (higher c statistics for death, PϽ0.001; heart failure, PϽ0.001; and major cardiovascular events, Pϭ0.017). The multimarker score led to significant improvements in classification accuracy for all end points compared with the best-fit covariate models for these end points. "Category-free" NRI values were 0.42 (PϽ0.001) for death, 0.39 (PϽ0.001) for heart failure, and 0.21 (Pϭ0.001) for major cardiovascular events. The NRI remained significant when different minimum thresholds for change in predicted risk were used. For death, NRI(Ͼ0.01) was 0.29 and NRI(Ͼ0.02) was 0.24 (both PϽ0.001). For heart failure, NRI(Ͼ0.01) was 0.34 and NRI(Ͼ0.02) was 0.26 (both PϽ0.001). For major cardiovascular events, NRI(Ͼ0.01) was 0.15 (Pϭ0.006) and NRI(Ͼ0.02) was 0.16 (Pϭ0.001).
The conventional NRI with categories was also significant for the addition of the multimarker score to "best-fit" clinical models for heart failure (0.13; PϽ0.001) and death (0.06; Pϭ0.02). The NRI with categories was not significant for major cardiovascular events (Pϭ0.16). Reclassification tables for all 3 end points are shown in Tables IV through VI in the online-only Data Supplement. For heart failure, 524 individuals (16%) were reclassified. Reclassification was driven largely by people with events. Among individuals in this group, 13% were correctly upclassified versus only 4% who were incorrectly downclassified. Notably, among 22 "low-risk" individuals who developed heart failure, 7 (36%) were correctly upclassified by the multimarker score. The proportion of individuals reclassified for death was similar (16%). The score correctly upclassified 21% (18 of 87) of low-risk individuals who died.
NRI results in intermediate-risk individuals ("clinical NRI") were significant for all 3 end points: heart failure (0.42; PϽ0.001), death (0.28; PϽ0.001), and major cardiovascular events (0.22; Pϭ0.002). The proportion of intermediate-risk individuals reclassified ranged from 37% to 47% for the 3 end points (Tables IV through VI) . Correct reclassification was evenly split among those with and without events. For heart failure, 23% of those with events were correctly upclassified versus only 3% incorrectly downclassified. Among those without heart failure events, 34% were correctly downclassified versus 11% incorrectly upclassified. For individuals who died, 27% were correctly upclassified and 20% were incorrectly downclassified. Among those who did not die, 34% were correctly downclassified and 13% were incorrectly upclassified. For overall cardiovascular events, 22% of those with events were correctly upclassified versus 11% who were incorrectly downclassified. Among those without events, 24% were correctly downclassified and 13% were incorrectly upclassified.
Secondary Analyses
Because hazard ratios across quartiles of the multimarker score for death appeared comparable to those for GDF-15 alone (Table  II in the online-only Data Supplement), we performed additional analyses to assess whether the full multimarker panel was superior to GDF-15 alone for predicting death. The multimarker Values are HRs (95% confidence intervals) from models adjusted for age, sex, body mass index, systolic blood pressure, hypertension therapy, diabetes mellitus, cigarette smoking, total cholesterol, high-density lipoprotein cholesterol, atrial fibrillation (heart failure and death analyses only), major cardiovascular disease (heart failure and death analyses), ECG left ventricular hypertrophy (heart failure and death analyses), and heart murmur (heart failure analysis only). Results in the top part of the table are from separate models for each biomarker. Results in bottom part are from a single model adjusted for all biomarkers together. Biomarkers are log transformed; for hsTnI and BNP, values below the detection limit were assigned the detection threshold.
*Events per number at risk. Because individual biomarker data was missing for some individuals (in all cases, no more than 3% of the total sample), the number of events is shown for the model with the fewest missing values. Numbers of individuals at risk differ from the overall sample size because of individuals with missing covariates for the multivariable models. The SDs for each biomarker in the sample for the death analyses are as follows: log sST2, 0.36; log GDF-15, 0.41; log hsTnI, 0.75; log BNP, 0.91; and log hsCRP, 1.16. model provided a better fit compared with GDF-15 alone, as evidenced by a significant improvement in the log-likelihood ratio test statistic (PϽ0.001). On the other hand, the integrated discrimination improvement was of borderline significance (Pϭ0.04), as was the category-free NRI (0.10; Pϭ0.09) for death. The c statistic was not significantly higher with the full multimarker score compared with GDF-15 alone.
In other secondary analyses, there was no significant interaction between sex and the multimarker score in predictive models or with sex and any of the individual biomarkers. Additional adjustment for interim myocardial infarction or heart failure (in the death analyses) or interim myocardial infarction alone (in the heart failure analyses) did not alter the results. Similarly, because the primary analyses for death and heart failure included some individuals with prior cardiovascular events (with this status entered as a covariate), we repeated the analyses after excluding all such individuals. As shown in Table VII in the online-only Data Supplement, results were materially unchanged with nearly identical hazard ratios. The improvement in discrimination remained significant when restricted to individuals with no prior cardiovascular disease (death: c statistic, 0.80 versus 0.78 for models with and without biomarkers, respectively, Pϭ0.001; heart failure: c statistic, 0.85 versus 0.83; Pϭ0.005).
Discussion
Concentrations of multiple biomarkers of cardiovascular stress are detectable in individuals in the general population and provide prognostic information above and beyond that provided by traditional cardiovascular risk factors. The present investigation was enabled by the recent availability of 3 newer-generation assays: "high-sensitivity" assays for sST2 and hsTnI capable of detecting extremely low concentrations of the biomarkers and a novel, automated electrochemiluminescence assay for GDF-15. From a pathophysiological perspective, our findings support the concept that cardiovascular dysfunction or injury can exist for many years before the onset of overt disease in ambulatory individuals. Indeed, the upper quartiles of sST2 and GDF-15 in our sample overlapped substantially with ranges observed in the setting of overt heart failure. 16, 18 Finally, our data indicate that sST2, GDF-15, and hsTnI predict risk on top of established biomarkers such as hsCRP in the general population.
sST2 is an emerging biomarker that has been shown to predict adverse outcomes and death in individuals with established heart failure. 17-19,44 -46 The present study is the first to examine the prognostic value of sST2 measurements in the general population, showing that higher levels of circulating sST2 (comparable to those found in hospitalized patients 18, 22 ) can be detected in Figure. Cumulative incidence of death (A), heart failure (B), and first major cardiovascular events (C) according to quartile of a multimarker score consisting of soluble ST2, growth differentiation factor-15, high-sensitivity troponin I, B-type natriuretic peptide, and highsensitivity C-reactive protein. Curves for heart failure and major cardiovascular events are adjusted for the competing risk of death.
apparently healthy individuals and precede adverse outcomes. Circulating sST2 is a sensitive marker of cardiac stress, as suggested by experimental studies showing marked upregulation of myocardial ST2 gene expression induced by myocyte stretch in a manner reminiscent of BNP. 8 Although other conditions such as severe pulmonary disease or sepsis have been associated with elevated sST2, such diagnoses are rare in an ambulatory cohort such as Framingham.
A member of the interleukin-1 receptor family, ST2 exists in both membrane-bound and soluble forms. The functional ligand of sST2 is interleukin-33, a cardiac fibroblast protein produced by myocyte stretch with known antihypertrophic and antifibrotic actions. It has been speculated that sST2 functions as a soluble "decoy" receptor, preventing binding of interleukin-33 to a membrane-bound receptor version of ST2. In in vivo studies, infusion of large amounts of sST2 results in adverse cardiac remodeling, heart failure, and premature death. 47 In clinical studies of heart failure, elevated values of sST2 have been associated with greater decompensation, abnormalities in systolic and diastolic function, and poorer long-term outcomes. 18, 46 We found that concentrations of GDF-15 were strongly associated with the risk of death and heart failure. GDF-15 is a distant member of the transforming growth factor-␤ cytokine superfamily. Although GDF-15 is weakly expressed in most tissues under physiological conditions, its expression may significantly increase in response to cardiovascular inflammation and tissue injury. 9,11,48,49 Ischemia, mechanical stretch, neurohormones, and proinflammatory cytokines stimulate the expression of GDF-15 in cardiac myocytes. 48, 50 Increased cardiac expression of GDF-15 has been observed in murine models of myocardial infarction, pressure overload, and heart failure. 48, 49, 51 Although the myocardium produces GDF-15, other cardiovascular cell types, including endothelial cells, 52 vascular smooth muscle cells, 53 and adipocytes, 54 have been shown to produce the biomarker under stressful conditions. GDF-15 has also been detected in atherosclerotic plaque macrophages. 9, 11 Its prominent antiapoptotic, antihypertrophic, and antiinflammatory actions in cardiovascular disease models suggest that GDF-15 may play a counterregulatory role in the context of cardiovascular injury. 48, 49, 51 In patients with acute coronary syndrome or chronic heart failure, GDF-15 concentrations are markedly elevated and correlate with both disease severity and mortality risk. 14, 16 Emerging data suggest that GDF-15 concentrations may also be prognostic in unselected populations. In a nested casecontrol sample from the Women's Health Study, concentrations of GDF-15 detected with an early assay were associated with the risk of future cardiovascular events. 55 In elderly, higher-risk individuals, GDF-15 has been related to subclinical cardiovascular disease 56 and all-cause mortality. 26 The present study reports the first experience with an automated assay for GDF-15 and extends the results of prior studies by focusing on a larger cohort of predominantly middle-aged individuals with prospectively adjudicated cardiovascular IDI indicates integrated discrimination improvement; NRI: net reclassification improvement. Values for continuous score and quartile are hazards ratios (95% confidence intervals) from multivariable models adjusted for age, sex, body mass index, systolic blood pressure, hypertension therapy, diabetes mellitus, cigarette smoking, total cholesterol, high-density lipoprotein cholesterol, atrial fibrillation (heart failure and death analyses only), major cardiovascular disease (heart failure and death analyses), ECG left ventricular hypertrophy (heart failure and death analyses), and heart murmur (heart failure analysis only).
*NRI(Ͼ0) denotes category-free NRI using a threshold of 0% for the minimum change in predicted risk necessary to change classification. Values for NRI(Ͼ0.01) and NRI(Ͼ0.02) correspond to category-free NRI with thresholds of 1% and 2% and are shown in the text.
events (including heart failure) and concurrent measurement of other biomarkers such as BNP and hsTnI.
We also investigated a novel, "ultrasensitive" troponin I assay that detects troponin concentrations up to an order of magnitude lower than those detected by other "highly sensitive" assays. 57 The cardiac troponins are structural proteins involved in contraction and relaxation of the cardiomyocyte. Troponin assays are widely used to detect acute myocardial infarction, but measurement of troponins may also play a role in screening and diagnosing cardiovascular dysfunction in a broader range of individuals. For instance, in the context of established heart failure, troponins are frequently elevated, almost always in the absence of overt myocardial infarction, and troponin elevation in this setting is a strong predictor of prognosis. 20, 21, 58, 59 The advent of highly sensitive troponin assays has made investigation of this biomarker possible in ambulatory cohorts. Recent studies have reported the presence of low levels of troponin T in anywhere from 25% to 67% of ambulatory older individuals in whom levels are associated with all-cause and cardiovascular mortality. [23] [24] [25] The present study extends these observations with the use of a "single-molecule" assay that detects circulating troponin I in Ͼ80% of ambulatory individuals with a generally lower risk than in other population studies. Although occult coronary artery disease could explain some of the troponin detected by highly sensitive assays in asymptomatic individuals, 23 it is unlikely to account fully for our findings. Circulating troponins could reflect proteolysis and turnover of myocardial contractile proteins, which may be accelerated in the setting of myocardial stretch, oxidative stress, or neurohormonal activation. 59 In contrast to the strong associations with heart failure and death, none of the 3 biomarkers was significantly associated with coronary heart disease events (myocardial infarction or unstable angina) after adjustment for conventional risk factors. This finding supports the hypothesis that the predictive value of the biomarkers arises more from their link with myocardial stress than with vascular stress or inflammation.
Additionally, sST2, GDF-15, and hsTnI each retained an association with heart failure or death when combined in risk models. Thus, although the predictive value of the biomarkers may stem from their correlation with cardiovascular stress, each appears to capture a distinct aspect of pathophysiology. This premise is further supported by their relatively low correlation, indicating that they provide nonoverlapping information. 60 Uncorrelated biomarkers are particularly attractive candidates for combining into "multimarker" panels. 61 Several studies have examined the performance of multimarker panels in primary prevention cohorts, including a previous report from Framingham. 2, 3, 5 These studies, which largely emphasized biomarkers of inflammation, hemostasis, or oxidative stress, found modest or no improvement in discrimination or reclassification metrics when biomarkers were added to conventional risk algorithms. We found that the 3 novel biomarkers, which increase in the context of cardiovascular dysfunction or injury, improved discrimination and reclassification for the major end points studied. The increased cardiovascular specificity could account for the apparent superiority of the present biomarkers over others that have been studied in this cohort. 2 Increases in the c statistic, although moderate, were statistically significant and comparable to or greater than those observed in prior studies in middle-aged, primary prevention cohorts. 3, 5 This improvement was also accompanied by significant improvements in risk classification, which were particularly robust for heart failure and death. Approximately one third of intermediate-risk individuals were correctly reclassified, with about half resulting from an increase in risk category. Correct upclassification may be of particular interest given its potential to alter treatment. Because the biomarkers reflect cardiovascular dysfunction or injury, elevated concentrations could motivate pharmacological interventions to forestall or prevent the onset of cardiovascular disease. In the case of individuals at risk for heart failure, such interventions might include drugs with antiremodeling effects on the myocardium (as recommended in clinical practice guidelines for at-risk patients). 62 Given the value of the markers studied, this hypothesis may warrant testing in future clinical studies.
Conclusions
Concentrations of sST2, GDF-15, and hsTnI predict the future risk of death, heart failure, and overall cardiovascular events, even in the context of robust clinical risk models. Addition of these biomarkers improves discrimination and leads to potentially relevant changes in risk classification. Our findings highlight the prognostic value of newer biomarkers of underlying cardiovascular stress and injury in apparently healthy individuals.
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